A Numerical Design and Feasibility Study of Self-Wastage Experiment Using Simulant Material in a Sodium Fast Reactor  by Jang, Sunghyon et al.
eDirect
Nu c l e a r E n g i n e e r i n g a n d T e c h n o l o g y 4 8 ( 2 0 1 6 ) 3 6 8e3 7 5Available online at SciencNuclear Engineering and Technology
journal homepage: www.elsevier .com/locate /netOriginal ArticleA Numerical Design and Feasibility Study of
Self-Wastage Experiment Using Simulant
Material in a Sodium Fast ReactorSunghyon Jang a,b,*, Takashi Takata b, and Akira Yamaguchi c
a Division of Sustainable Energy and Environmental Engineering, Osaka University, 2-1 Yamadaoka,
Suita, Osaka 565-0871, Japan
b Graduate School of Engineering, Osaka University, 2-1 Yamadaoka, Suita, Osaka 565-0871, Japan
c Nuclear Professional School, The University of Tokyo, 2-22 Shirakata, Tokai-mura, Ibaraki, Japana r t i c l e i n f o
Article history:
Received 18 May 2015
Received in revised form
26 October 2015
Accepted 14 December 2015
Available online 13 January 2016
Keywords:
CFD
Self-wastage phenomena
Sodium water reaction
Simulant experiment* Corresponding author.
E-mail address: jang@n.t.u-tokyo.ac.jp (S
http://dx.doi.org/10.1016/j.net.2015.12.006
1738-5733/Copyright © 2016, Published by El
the CC BY-NC-ND license (http://creativecoma b s t r a c t
A sodiumewater reaction takes place when high-pressured water vapor leaks into sodium
through a tiny defect on the surface of the heat transfer tube in a steam generator of the
sodium-cooled fast reactor. The sodiumewater reaction brings deterioration of the me-
chanical strength of the heat transfer tube at the initial leakage site. As a result, it damages
the crack itself, which may eventually enlarge into a larger opening. This self-enlargement
is called “self-wastage phenomenon.” In this study, a simulant experiment was proposed
to reproduce the self-enlargement of a crack and to evaluate the mechanism of the self-
wastage. The damage on the surface of the crack was simulated by making the neutrali-
zation reaction with hydrochloric acid solution and sodium hydroxide solution. A nu-
merical investigation was carried out to validate the feasibility of the approach and to
determine experimental conditions. From the computation results, it is observed that
when 5M HCl is injected into 5M of NaOH with 0.05 m/s inlet velocity, the temperature at
the surface near the crack increased over 319.26 K. The computational results show that
the self-wastage phenomenon is capable of being reproduced by the simulant experiment.
Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
In the steam generator of a sodium-cooled fast breeder
reactor, liquid sodium and high-pressure water vapor pass
through a thin heat transfer tube. If a tiny defect occurs at the
surface of the heat transfer tube, the high-pressured water
vapor will leak into the sodium side (outside of the tube) so. Jang).
sevier Korea LLC on beha
mons.org/licenses/by-ncthat a sodiumewater reaction (SWR) will take place. Erosion
and corrosion caused by the SWR may bring about the dete-
rioration of the mechanical strength of the heat transfer tube
at the site of the initial crack. As a result of the SWR, the defect
will be enlarged in size, and the leak rate will sharply increase.
This enlargement of the crack is called the “self-wastage
phenomenon.”lf of Korean Nuclear Society. This is an open access article under
-nd/4.0/).
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experimental approaches such as mock-up tests [1e5]. For
example, Kuroha et al's [6] experimental result showed that
even though the initial leak rate is very small (<0.05 g/s), the
leak rate remains at a constant level for some time (from
several minute to several days). The leak rate then sharply
increases up to several grams per second, which could induce
the secondary failure of the adjacent heat transfer tubes by
target wastage. In addition, a small leakage is the most prob-
able for steam generator operation and a large leakage, as a
rule, is the consequence of subsequent failures of the heat
exchange surface in the area of a small leak, and very seldom
appears as an initial leakage.
Therefore, a quantification of self-wastage phenomena is
important from the viewpoint of not only safety assessment
but also the elucidation of the self-wastage mechanism in the
steam generator.
However, it is hard to evaluate the self-wastage phenom-
ena quantitatively due to experimental difficulties in treating
liquid sodium, which possesses high chemical activity and
opacity when in a liquid state.
As an alternative approach to assess the self-wastage phe-
nomenon, an experiment using simulated material was
devised. This new method focuses on reproducing the crack
enlargement and its progression, which are caused by a chem-
ical interaction between the SWR and the tube wall material.
Since the self-wastage phenomenon is attributed to a
chemical reaction that takes place near the outside of the
crack, we assumed that the damage on the surface of the
crack can be evaluated by making the neutralization reaction
with hydrochloric acid (HCl) solution and sodium hydroxide
(NaOH) solution.
In this study, a numerical investigation was carried out to
validate the feasibility of a new method and to decide on the
conditions for the experiment. In the analysis, governing
equations of concentrations of acid and alkali were imple-
mented into a commercial Computational Fluid Dynamics
(CFD) tool, Fluent version 6.3.26 by ANSYS Inc. The reaction
rate is calculated based on the Arrhenius law.2. Experimental methodology for simulating
self-wastage phenomena using simulants
2.1. Schema of SWR
Whenpressurizedwater leaks from a heat transfer tube, it will
vaporize immediately due to adiabatic expansion. Hence, it is
expected thatwater reactswith sodiumunder a gas state in the
SWR.With respect to sodium, it reacts withwater vapor under
a liquid state in an early stage of the SWR as shown in Eq. (1).
According to the water-leakage test that models the steam
generator of Japanese prototype fast breeder reactor “Monju”,
the maximum temperature measured in the reaction region
was of 1,100e1,200 C [7]. Thus, sodium vigorously evaporates,
and the gas-phase sodium reacts with water vapor. At the
second stage, the chemical interaction of products from the
first stage (NaOH and hydrogen gas) takes place with an
excessive sodium condition, as shown in Eqs. (2)e(4) [8].2NaðlÞ þ 2H2OðgÞ/2NaOHðgÞ þH2ðgÞ (1)
NaðgÞ þH2OðgÞ/NaOHðgÞ þ HðgÞ (2)
2NaðlÞ þH2OðgÞ/Na2OðsÞ þH2ðgÞ (3)
NaðlÞ þNaOHðsÞ/Na2OðsÞ þ 1=2H2ðgÞ (4)
It is expected that thewastage rate is related to the reaction
rate. In the gas-phase reaction, the reaction rate is evaluated
by the Arrhenius equation as follows:
Chemical reaction (nA þ mB/ C þ D)
g ¼ kðTÞ½An½Bm (5)
kðTÞ ¼ A0ðTÞB0 exp

E0
T

(6)
Here, g is a reaction rate, and the k(T) is the rate constant.
Eqs. (2)e(4) are considered as the gas-phase reaction. The rate
constant can be derived experimentally and numerically.
The mechanism of self-wastage phenomena can be
simplified by focusing on the following features. Firstly, the
self-wastage phenomena contributed to an exothermic
chemical reaction, and the of self-wastage rate is related to
the reaction rate that is expressed by the Arrhenius reaction
equation. To reproduce the enlargement of a crack from the
interaction between the SWR and the tube-wall material, the
following simulant experiment was designed.2.2. Simulant material
When HCl solution and NaOH solution are mixed, the
following neutralization reaction occurs, and the reaction
heat is released [9].
HClðaqÞ þNaOHðaqÞ/NaClðaqÞ þH20þ DH (7)
In an aqueous solution, each reactant is dissociated fully so
that the above reaction can be written in the following form:
H3O
þ þ OH%kF
kB
2H2O (8)
where kF and kB are the rate constants for the chemical reac-
tion. The rate constant k is also expressed by the Arrhenius
equation, as follows:
kr ¼ AreEa=RT (9)
where, Ar ¼ pre-exponential factor (mol1 m3 s1);
Ea ¼ activation energy for the reaction (J mol1); and
R ¼ universal gas constant (J mol1 K1)
In Eq. (8), the rate constant kB is a few orders of magnitude
smaller than kF, therefore, the effect of backward reaction
could be neglected.
One similarity exists in the reactionmechanismof the SWE
and the neutralization reaction: the reaction rate is expressed
by the Arrhenius equation. The reaction rate is closely related
to the self-wastage phenomena.
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Fig. 1 explains the process of the self-wastage phenomenon.
(1) The self-wastage phenomena are attributed to a chemical
reaction followed by a reaction heat and a corrosion that takes
place at the initial crack site. (2) The crack enlargement starts
from the sodium side and advances through the tube wall. As
the crack enlargement advances by the self-wastage, the re-
action zone would migrate toward the water/vapor side. The
corrosive reactant easily reaches the tube wall. Thus, the self-
wastage phenomena would be accelerated. At this stage, the
leak rate would be stable at a certain level. (3) If the wastage
reaches the water side, the resultant leak rate will sharply
increase. The SWR zone then goes downstream so that the
corrosive reactants seldom reach the tubewall. Thus, the self-
wastage phenomenon is mitigated. (4) In the experiment, HCl
and NaOH were used as the simulant. Paraffin wax (C25H52)
which has a lowmelting point (115 F, 319.26 K) was chosen as
simulatedmaterial which represents the heat transfer tube. In
the experiment, HCl solution was injected into the reaction
tank that is filled with NaOH solution so that the neutraliza-
tion reaction takes place in the nozzle exit and the reaction
heat is released. (5) The temperature of the wax surface in-
creases. When the temperature exceeds the melting point ofFig. 1 e Scheme of self-wastage and concept of simulant
experimental methodology.the paraffin wax, the surface melts. Thus, the nozzle is
enlarged. The nozzle enlargement proceeds until nozzle
penetration. (6) When the enlargement reaches the inlet, the
injection rate will increase. Thus, the reaction zone moves
downstream. Therefore, the nozzle enlargement is mitigated.
When the nozzle is penetrated, the phenomenon is regar-
ded as terminated. Then the geometry of the enlarged leak is
evaluated. Schematic experimental apparatus is shown in
Fig. 2. The experimental setup consists of a reaction tank, a
paraffin wax nozzle, and a solution supply system.3. Numerical procedure of the methodology
A two-dimensional preliminary numerical investigation was
carried out to evaluate the feasibility of the experimental
procedure. Commercial Computational Fluid Dynamics soft-
ware (Fluent version 6.3.26 by ANSYS Inc.), was used for the
numerical analysis.3.1. Governing equations
In this study, a transient two-dimensional flow was consid-
ered. The conservation equation for chemical species is given
in the following form:
v
vt
ðrYiÞ þ V$ðrvYiÞ ¼ V$ J!i þ Ri (10)
where Ri is the net rate of production of a mass of species; Yi is
the per unit volume by chemical reaction; and J
!
i is the
diffusion flux of species' i, which arises due to concentration
gradients, under the diffusion flux. This can be written as:
J
!
i ¼ rDi;mVYi (11)
Here, Di,m is the molecular diffusion coefficient for species i
in themixture. In aqueous solution, the diffusion coefficientDi
(the electrolyte diffusion coefficient), can be given as:
Di ¼ jz1j þ jz2jjz1jjz2j

1
jz1jD1 þ
1
jz2jD2
1
(12)
whereD1 andD2 are themolecular diffusion coefficients of the
individual ions, and z1 and z2 are the valences of the ions. D1,Fig. 2 e Schematic experimental apparatus.
Table 1 e SWAT-2 experimental conditions.
Experimental conditions
Experiment no. 2021
Tube material SUS321
Tube thickness 3.58 mm
Sodium temperature 505 C
Sodium pressure 1.47  101 MPa
Steam temperature 505 C
Steam pressure 12.8 MPa
Initial nozzle width 15 mm
Equivalent diameter of leak 0.046 mm4
Initial leak rate 7.1  103 g/s
Average leak rate 2.4  103 g/s
No., number.
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shown below [10]:
Diði¼1;2Þ ¼ kT6pmRi (13)
where k is the Boltzmann constant, T is the absolute tem-
perature, m is the dynamic viscosity of them (in this study, it is
water), and Ri is the radius of the solute.
For the net reaction rate, the laminar finite-rate model is
adopted. The model computes the chemical source terms
using the Arrhenius expression. The net source of chemical
species i due to the reaction is computed as the sum of the
Arrhenius reaction sources over the NR reaction that the
species participate in:
Ri ¼ Mw;i
XNR
r¼1
Ri;r (14)
where Mw,i is the molecular weight of species i and Ri,r is the
Arrhenius molar rate of creation/destruction of species i in
reaction r. The reaction may occur in the continuous phase at
wall surfaces.
The molar rate of creation/destruction of species i in the
reaction is given by:
Ri;r ¼ kF

Cj;r
h0
j;r
þh00
j;r

(15)
where kF ¼ rate constant for reaction; Cj,r ¼ molar concen-
tration of species j in reaction r; h0j;r ¼ rate exponent for reac-
tant species j in reaction r; and h
00
j;r ¼ rate exponent for product
species j in reaction r.
For the neutralization reactionwithHCl andNaOH, the rate
exponents are 1, respectively. Thus, themolar rate of creation/
destruction can be written as:
Ri;r ¼ kr½HCl½NaOH (16)
The rate constant depends on only temperature, and it can
be computed from the Arrhenius equation shown as the pre-
vious chapter. The pressure-based solver is adopted, and the
Simple algorithm is chosen to enforce mass conservation and
to obtain the pressure field.
3.2. Modeling and analytical conditions
3.2.1. SWAT-2 experiment
Kuroha et al6 performed a mock-up experiment using the
Sodium-Water Reaction Test Rig (SWAT-2) test rig and studiedFig. 3 e Configuration of injected vathe behavior under the same conditions as the Japanese pro-
totype fast breeder reactor Monju's steam generator.
The slit-type nozzle, which was manufactured by pressing
a square plate with a drilled hole at its center, was used in the
experiment. Each slit had a high aspect ratio. The crack length
was approximately 0.05 mm and the crack width was in the
range of 10e100 mm. The behavior of the vapor blow-off
through the slit nozzle differs according to nozzle direction.
As shown in Fig. 3, the vapor was blown off directly from the
front view. However, the vapor was ejected radially from the
side view. The estimated direction of self-wastage is depicted
as a dotted line in the figure. The nozzle will enlarge domi-
nantly in the direction of the nozzle thickness and the width.
The same tendency was observed from the SWAT Experiment
that initially the nozzle had a slit shape; however, the
enlarged nozzle became to have a pit-hole shape. The domi-
nant enlargement took place in the nozzle width direction. It
can be said that the self-wastage phenomenon mainly takes
place toward both the nozzle thickness and width directions.
In other words, the nozzle enlargement in the nozzle-length
direction can be negligible. Therefore the two-dimensional
model is adopted as the analytical model.
Table 1 shows the #2021 experimental condition of the
SWAT-2 Experiment. The aspect ratio of the nozzle width
(24 mm) and the depth (3.48 mm) is 1:166 and the equivalent
diameter of the nozzle is 0.046 mm4.
3.2.2. Numerical procedure
The numerical approach, estimating the self-enlargement of
the nozzle, consists of the two parts: (1) construction of thepor and slit wastage direction.
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analytical model was derived to achieve the geometric and
dynamic similarity between the analytical model and the
prototype experiment. In order to estimate the wastage rate
(amount), a temperature contour in the nozzle was used.
Since the calculation is transient, the temperature contour is
obtained after several seconds when the temperature around
the nozzle exit becomes stable.
Self-wastage requires several days to penetrate the tube
wall after its initiation. Therefore, the heavy computational
load is necessary to cover the whole picture of the phe-
nomena at once. During the self-wastage advance through
the tube wall, the leak rate is almost constant. It is therefore
assumed that the self-wastage rate is also constant during
the same period. The self-wastage phenomena can be
assumed to have a steady condition. Thus, a stepwise nu-
merical procedure is proposed to represent the steady period
of the self-wastage phenomena. Fig. 4 explains the numerical
procedure.
Step I: determine an initial nozzle size. To determine the
nozzle width, the SWAT-2 experimental data is used. In
order to achieve dynamic similarity between the SWAT
Experiment and the numerical analysis, the ReynoldsFig. 4 e Numerical procedure for feasibility analysis of
simulant experiment.number of the numerical analysis was determined to be
equal to that of the SWAT-2 Experiment. The aspect ratio
of the nozzle has the same value as the SWAT
Experiment.
Step II: perform a transient calculation up to a few seconds
until the reaction gets to be stable and obtain thermal
properties such as temperature contour, heat flux, and
species' distribution around the exit of the nozzle.
Step III: to evaluate the amount of themeltedwax, the heat
flux at the surface and the surface temperature are
necessary. Melting rate (mm/s) can be obtained by dividing
the heat flux by the latent heat and the density of the wax.
Step IV: the new mesh grid was produced by eliminating
the area where the temperature goes over 319.26 K along
the isothermal line of the wax melting point.
Step V: iterate the computation from Step II to Step IV until
the enlargement reached the HCl side.
Step VI: Evaluate the size of the enlarged nozzle.3.3. Numerical conditions
Fig. 5 shows the two-dimensional analytical area and itsmesh
arrangements. The region contains the reaction tank, the
paraffin wax, and the nozzle. The height of the computational
region (reaction tank) was decided on to take a sufficient
margin to evaluate the phenomena. Thus, the height of the
computational domain of the reaction tank is 150mm and the
width of that is 100 mm. Also, the width (0.2 mm) and the
height (20 mm) of the nozzle were determined to have a
similar aspect ratio as the nozzle used in the SWAT-2 Exper-
iment. The analytical conditions are listed in Table 2.
To evaluate the mesh sensitivity of the analytical grid,
three different mesh grids were used, as shown in Fig. 6. All
these meshes have the same mesh size for the nozzle (10
meshes). However, eachmesh has six, 10, and 16meshes for a
section that has the same length as the nozzle width in the
vicinity of the nozzle exit.
Fig. 7 shows the temperature distribution at the surface of
the nozzle top of the three meshes. In this figure, the red dot-
dashed line represents the melting point of the paraffin wax.
The temperature is averaged over 5 s. For all meshes, the
temperature at the surface has almost the same distribution.Fig. 5 e Analytical regions for the computation.
Table 2 e Analytical conditions.
Initial condition
Temperature 298K
Fluid NaOH
Concentration 5.0 mol/L
Boundary condition
Inlet
Fluid HCl
Velocity 0.05 m/s
Concentration 5.0 mol/L
Analytical condition
Mesh arrangement
Nozzle 11  42
Reaction tank 111  59
Wax 50  59
Time step 5.0 ms
Fig. 7 e Averaged temperature distribution at surface of
wax.
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the same place. Therefore, the minimum mesh size for the
feasibility analysis was decided as the same value with the six
mesh grid in Fig. 6A.
The width of the initial nozzle is divided equally into 10 (I).
The cells of the other region are divided into 111 (I)  59 (J) for
the reaction tank, 50 (I)  42 (J) for the wax, and each element
increases with the ratio of 1.1. The total number of the cells is
~12,000.
For the boundary condition, the constant inlet velocity is
applied to the inlet and the constant pressure condition isFig. 6 e Different mesh grids for mesh sensitivity evaluaadopted for the outlet boundary. The inlet velocity is deter-
mined to have the same Reynolds number like that in the
SWAT-2 Experiment so that the similarity of the flow behavior
in the computation is ensured to the experiment. The heat
conduction between the fluid and the paraffin wax is consid-
ered to evaluate the temperature increase by the reaction
heat. Further computational conditions are summarized in
Table 1.tion. (A) Six mesh. (B) Ten mesh. (C) Sixteen mesh.
Fig. 9 e New remeshed grid for secondary calculation.
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4.1. Temperature distribution near surface of wax
nozzle
As shown in Fig. 7, from 0.15 mm to 0.45 mm, the surface
temperature increased over the melting point of paraffin wax.
The temperature is high enough to melt wax in this area.
To decide the amount of melting wax by reaction heat, the
following equation was used:
M ¼ Hf
rL
(17)
where M is the melting rate (m/s); Hf, the heat flux at the
surface (w2/m2); L, the latent heat of fusion; and r, the density
of paraffin wax. Since the analysis model deals with the
stepwise procedure, the maximum melt amount is set to be
5% (1 mm) of the initial nozzle wall thickness for each calcu-
lation. The maximum melt amount is located where the
melting rate is maximum. The melt amount on another
meshes is decided bymultiplying the ratio with themaximum
melt rate.
Fig. 8 shows the surface heat flux at the nozzle top. Heat
flux has a similar distribution to temperature distribution as
shown in Fig. 7. To decide the melting amount on the heating
surface, we divided the width of the melting area into two
parts, which are designated A and B, and investigated the
average heat flux in the areas. The average heat flux of A is
about 5,000 w/m2, and the Hf of B is 39,000 w/m
2.
Therefore the melting amount on A and B is 1 mm and
0.8 m, respectively. By eliminating the depth of the melting
wax on eachmesh, the newmesh arrangement was obtained,
as shown in Fig. 9.
The new calculation is performed using the newmesh grid
shown in Fig. 9. The above procedures (obtaining temperature
distribution at the surface of the wax in both width and
thickness directions of the nozzle, investigating the surface
heat flux, then evaluating the melting area and obtaining the
new mesh grid by removing the melting area from the mesh)
are iterated until the melting propagation reaches the inlet
side.Fig. 8 e Averaged surface heat flux distribution at surface
of wax.4.2. Development of self-enlargement of nozzle
A series of computations were carried out to evaluate the
development of the self-enlargement of nozzle caused by the
reaction heat. In each calculation, a new remeshed compu-
tational grid was generated by eliminating the melted zone
according to the temperature contour and temperature profile
around the leak exit.
Fig. 10 shows the microscopic morphology on completely
self-wasted leaks [11]. Both leaks have a similar funnel shape,
as shown in Fig. 11. More similarities are found as a result of
the calculation (Fig. 10) and experimental results (Fig. 11). Both
the cross sections have a larger opening at the exit of the leak
and its diameters are about the same as the thickness of the
tubewall. From the computational results, it is shown that the
simulated experiment and the self-wastage phenomenon
have a similar behavior. However, the reason the outer
diameter of an enlarged leak becomes comparable to the
thickness of the nozzle is not clear. More parametric analysis
are necessary to evaluate to make clear that which parameter
affect the nozzle enlargement.
Conventional mock-up tests for the self-wastage phe-
nomena have the difficulty that they require a high operating
cost. Thus, only a limited number of experiments were con-
ducted, which was not enough to evaluate the effect of all
parameters on the phenomena.
However, the simulant experiment has the advantage that
it can easily modify the experimental conditions, such as leakFig. 10 e Cross section of penetrated nozzle grid.
Fig. 11 e Microscopic cross sections of the enlarged leaks.
(A) 2-1/4Cr-1Mo Steel, Average leak rate: 2.35E-05 g/sec,
Self-wastage rate: 6.23E-06 mm/sec. (B) 2-1/4Cr-1Mo Steel,
Average leak rate: 5.0E-04 g/sec, Self-wastage rate: 3.0E-05
mm/sec.
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carried out.
The concept of the simulant experiment,which reproduces
the self-wastage phenomena, was proposed in this paper. In
the experiment, HCl, NaOH aqueous solution, and paraffin
wax were chosen as simulant. The reaction heat released by
the neutralization reaction with HCl and NaOH is used to
simulate the corrosion effect of the self-wastage phenomena.
By injecting the HCl solution through a narrow wax nozzle,
the neutralization reaction occurs near the leak exit. As a
result of the release of the heat, the paraffin wax in the reac-
tion zone would melt. Thus, the enlargement of the nozzle
takes place. This procedure represents the self-enlargement
of the leak.
To evaluate the feasibility of this methodology, a numeri-
cal analysis procedure was devised, and a two-dimensional
numerical calculation were performed. When 5M of HCl andNaOH solution are used, the temperature at the surface of
nozzle increases above the melting point of paraffin wax.
Themelting rate is obtained from the surface heat flux and
is used to evaluate the melting amount on each mesh for
every calculation. By removing the wall according to the
melting amount, a mesh grid for the enlarged nozzle is ob-
tained. The cross section of a completely enlarged nozzle can
be obtained by iterating these procedures. The shape of the
cross section is like a funnel, and it shows good agreement
with the SWAT experimental results. Therefore, it can be
concluded that the feasibility of the simulant experiment is
assured from a phenomenological viewpoint.Conflicts of interest
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